The changes in inorganic and organic gases retained in shales and metapelites with increasing heating temperature are not fully understood. The compositional and isotopic changes of residual gases such as H 2 , CH 4 , and CO 2 in marine shales and metapelites during burial diagenesis and metamorphism were investigated in the present study. Shale rocks and metapelites which experienced paleo-temperatures in the range of 100 to 600ºC were collected from the borehole cores in Niigata sedimentary basin and outcrops exposed in Kochi district, Japan. Gases released from shale or metapelite fragments during pulverization in the laboratory were analyzed as the residual gas.
Introduction
In connection with shale gas exploration, the influence of maceral composition, thermal maturation, mineral type, and moisture on methane sorption have been comparatively well studied, as has the gas storage capacity of shale (e.g. Ross and Bustin, 2009; Slatt and O'Brien, 2011; Curtis et al., 2012; Milliken et al., 2013; Gasparik et al., 2014) . However, the concentrations and changes in the proportional composition of components such as CO 2 , CH 4 , and H 2 in the gas retained in shale rocks with increasing maturation are not well understood. In particular, our knowledge regarding H 2 in shale and metapelites is poor.
Hydrogen gas seeps have been reported in numerous localities, but are most commonly related to the serpentinization of mafic to ultramafic rocks, geothermal alteration, tectonic fault activity, and/or deep gas seeps. The H 2 gas in these gas seeps is characteristically depleted in deuterium ( 2 H). For example, 2 H-depleted H 2 , with a 7 samples used in this study consists of Type II and II/III kerogens. The depositional environment of metapelites in the Sanbagawa belt has not been well studied. The formation of these metapelites under low temperatures and high pressure metamorphism due to accretion tectonics similar to those of the marine shales in the Shimanto belt suggests that the kerogen material within metapelites from Kochi district are also Type II to II/III kerogens. There may be some differences in the organic type among the samples, but this would not have much influence on the geochemical characteristics of kerogen at the highly mature stage.
Pulverization and Residual Gas Recovery
Residual gas in shales and shaley layers is present as sorbed gas on an organic and inorganic matrix, free gas in various pore spaces, and dissolved gas in pore water.
These residual gases can be classified methodologically into residual free gas and residual adsorbed gas. Gas released from shale fragments during pulverization is defined as residual free gas. The pulverization of the shale fragments was conducted using a P-6 planetary ball mill and an alumina mill pot, with needle valves and a sampling port (Fritsch GmbH, Idar-Oberstein, Germany) . The inner volume of the mill pot was 80 cm 3 . Shale or pelitic rock fragments in the size range of ca. 5-7 mm were pulverized in the alumina mill pot under a helium atmosphere. Gas was sampled with a gastight syringe directly from the sampling port of the alumina mill pot and analyzed as residual free gas.
A preliminary study of the relationship between pulverization time and gas recovery has shown that the recovery of hydrocarbon gases and molecular hydrogen is almost complete after 20 min of pulverization at a spinning rate of 300 rpm (Suzuki et al., 2013) . However, the concentration of CO 2 in residual gas initially increases, but then tends to decrease with increased pulverization time, suggesting the adsorption of CO 2 on mineral surfaces during pulverization. Therefore, the concentration of CO 2 in the residual free gas was underestimated. The concentration of CO 2 is generally highest in the residual gas obtained after 20 to 40 min of pulverization. In this study, gas released from rock fragments (5-7 mm) during pulverization for 30 min in the alumina mill pot under a helium atmosphere was analyzed as residual free gas. The temperature of the alumina mill pot during pulverization was less than 45ºC. After pulverization by the ball mill, the grain size of the rock powder was measured by a laser diffraction-scattering method using a grain-size analyzer (LA-920: Horiba, Kyoto, Japan) and was determined to generally be in the range of 3-7 m.
Kerogen isolation and elemental analysis
The pulverized shale or metapelite was extracted by Soxhlet extraction method with benzene and methanol (9:1) solvent for 2 days. The solvent extraction residue was demineralized with 6 N HCl/47% HF (1:1, 2 days at 60 ºC) and then washed with distilled water to pH 7. Isolated kerogen was centrifuged and dried.
Kerogen was extracted again with the same solvent by ultrasonication before the elemental analysis. Total organic carbon (TOC), total nitrogen and total hydrogen contents were determined using an EA 3000 elemental analyzer (Euro Vector Co., Milan, Italy) or a MT-3 organic micro elemental analyzer (Yanaco Technical Sci. Co., Tokyo, Japan). The pulverized shale or metapelite was weighed and placed in a silver capsule or a platinum sample boat with drops of 1N HCl to remove carbonates. The carbonate-free sample and isolated kerogen were dried at 120ºC for 2 h and analyzed by the elemental analyzer. Vitrinite separation was made on the 2 to 4 mm rock fragments by the demineralization with 6 N HCl/47% HF (1:1, 2 days at 60ºC).
Vitrinite was concentrated by the float and sink method using 
Residual Gas Analysis
The composition of the residual gas in the rock fragments was measured by gas chromatography (GC) using an instrument (7890A: Agilent, Santa Clara, CA, USA) equipped with a pulsed discharge helium ionization detector (PDHID) and a micropacked column containing ShinCarbon-ST 80/100 (2.0 m × 1.0 mm i.d.; Shinwa Co., Nagoya, Japan). The oven temperature of the GC was programmed to 40ºC for 3 min, increased to 300ºC at a rate of 15ºC/min, and then held at 300ºC for 15 min.
Ultra-high-purity He was used as the carrier gas. A constant amount of gas was introduced into the GC column using a 10 or 50 µL sampling loop. Compounds were identified by comparing the retention times with those of reference standards in a gas mixture containing CH 4 , C 2 H 4 , C 2 H 6 , C 3 H 6 , C 3 H 8 , i-C 4 H 10 , n-C 4 H 10 , H 2 , CO, and CO 2 .
The detailed analytical procedure is described in Saito et al. (2012) .
Isotope Analysis
According to Takahashi et al. (2014) , stable carbon isotopic analysis was performed by GC-combustion-isotope ratio mass spectrometry (GC-C-IRMS: 6890A
(Agilent) and MAT 252 (Thermo Scientific Finnigan, Waltham, MA, USA)) using the same micropacked column (ShinCarbon-ST 80/100, 2.0 m  1.0 mm i.d., Shinwa Co.)
and He as the carrier gas. The GC oven temperature was programmed to 40ºC for 3 min, then increased to 300ºC at a rate of 15ºC/min, and finally held at 300ºC for 20 min. Combustion was performed in a micro-volume ceramic tube with CuO, NiO, and
Pt wires at 900ºC. The stable hydrogen isotopic composition was measured using GC-high temperature conversion-isotope ratio mass spectrometry (GC-HTC-IRMS, Delta V Advantage, Thermo Scientific) using the same micropacked column and He as the carrier gas. The oven temperature program was identical to that used for the GC-C-IRMS analysis. The thermal conversion furnace between the GC and IRMS was maintained at 1450ºC. Stable carbon and hydrogen isotope data were reported as  and SLAP, respectively. The H 3 + factor of the mass spectrometer was determined once each day using external reference gas injections and was consistently < 10 ppm. The selected gas samples were measured repeatedly, four to five times, to determine the
The results showed that the analytical precision of the  13 C and    values was at most ± 0.46‰ and ± 7‰, respectively. The 
Maximum Heating Temperature
The paleo-maximum temperature of the shale rocks and metapelites was estimated by VR o , metamorphic mineral assemblages, and degree of graphitization.
The paleo-maximum temperature of shale rocks from the MITI-Mishima borehole and the Kochi district was estimated by SIMPLE-R o (Suzuki et al., 1993) Table 1 ). The rate of temperature increase of shale rocks from the Kochi district was assumed to be 5ºC/m.y. by considering the present-day geothermal gradient, which ranges from 2 to 3ºC/100 m (Toriumi and Teruya, 1988; Ashi and Taira, 1993) , and accretion tectonics (Sakaguchi, 1996; Hara and Kimura, 2008) (Table 2 ). The Sanbagawa metamorphic belt includes prehnite-pumpellyite, chlorite, garnet, biotite, and oligoclase biotite zones (Banno et al., 1978; Enami, 1983) . The metamorphic temperature estimated based on these mineral assemblages ranges from c.a. 250 to 600ºC, and increases continuously from south to north (Banno et al., 1978; Enami, 1983; Banno and Sakai, 1989) (Table 2 and Fig. 1 ).
Results

Organic Matter Type and Thermal Alteration
Total organic carbon (TOC) concentrations of shale rocks from MITI-Mishima borehole and Kochi district are in the ranges of 0.62 to 1.65% and 0.17 to 0.91%, respectively (Tables 1 and 2 ). Metapelites from the Sanbagawa metamorphic belt showed a relatively low TOC concentration in the range of 0.07 to 0.76% (Table   2 ). VR o value of the sediment samples from MITI-Mishima borehole generally increases with depth and reaches 0.5% at about 2500m depth ( 
13
The atomic H/C ratio of kerogen material in shales and metamorphic rocks from the Kochi district showed a significant decrease in hydrogen concentration with increasing paleo-maximum temperature (Fig. 3) , suggesting that graphitization was progressing. X-ray diffraction analysis have been performed on carbonaceous material in selected samples from the Sanbagawa metamorphic belt (Suzuki et al., 2013) . The spacing of the 002 plane (d002) of disordered graphite decreased from 3.45 to 3.39 (Å)
as metamorphic temperatures increased from 400 to 600ºC. In the same temperature range, the half-width of the graphite 002 peak also decreased drastically, indicating an increase in graphite crystallinity. The significant graphitization at metamorphic temperatures from 400 to 600 ºC corresponds to the change of the atomic H/C from 0.2 to 0.1. The graphitization observed in the samples was consistent with that reported in previous studies of the graphitization of carbonaceous material in the Sanbagawa metamorphic belt (Itaya, 1981) .
The  13 C bulk values ( 13 C value of kerogen or bulk carbonaceous material) of some selected shale rocks at higher maturity level and metapelites were measured to be in the range of ca. -27 to -21‰ (Table 2 ). The 
C bulk values of shale rocks from
Chichibu Belt are lower compared to those of metapelites from Mikabu Greenstone and Sanbagawa Metamorphic Belts. The  13 C bulk values of metapelite increased with increasing metamorphic grade from chlorite zone to biotite-albite zone, which is consistent with the results of previous studies (Hoefs and Frey, 1976; Morikiyo, 1986) .
Compositional Change in Residual Gas
The concentrations of CH 4 , C 2 H 6 , CO 2 , and H 2 in the residual gas in shales and metapelites from MITI-Mishima and Kochi district are normalized against the TOC concentration (Tables 1 and 2 ). The concentration changes of these gases with increasing paleo-temperature are shown in Fig. 4 . The concentration of CH 4 in the residual gas from shale rocks tended to increase with increasing paleo-temperature and reached its highest concentration of 1500 to 1700 L/gTOC at paleo-temperatures around 200 to 250ºC (Fig. 4) . The concentration of CH 4 in the residual gas from metapelites, which attained paleo-temperatures of more than 300ºC, was comparatively lower (less than 800 L/gTOC). CH 4 concentration decreased in the temperature range of 250 to 600ºC. The concentration of C 2 H 6 was generally less than 110 L/gTOC. The highest concentration of C 2 H 6 was observed in rocks at assumed paleo-temperatures of around 200ºC, which was lower than the paleo-temperature (200 to 250ºC) of the highest CH 4 concentration. The C 2 H 6 to C 4 H 10 hydrocarbons were almost absent in residual gas from metapelites.
The concentration of CO 2 was highest in the residual gas from shale rocks at paleo-temperatures of less than 200ºC (Fig. 4) . Some of the CO 2 was adsorbed on the surface of mineral grains during pulverization as previously described. The CO 2 in residual gas was therefore a part of the total CO 2 retained in shale rocks. It decreased drastically from ca. 2000 to 200 L/gTOC with increasing paleo-temperature. The concentration of CO 2 was lower than the concentration of CH 4 and H 2 in residual gas from metapelites. Hydrogen concentrations were generally very low in shale rocks at paleo-temperatures of less than 200ºC. However, the concentration of H 2 was higher in the residual gas from metapelites, being in the range of ca. 300 to 1500 L/gTOC (Fig.   4 ). These analytical results show that the major component of residual gas from shale rocks and metapelites changes from CO 2 to CH 4 , and then to H 2 with the progress of burial diagenesis and metamorphism.
Isotopic Composition of Residual Gas
The stable carbon and hydrogen isotopic compositions of CH 4 and H 2 in residual gas in shale and metamorphic rocks were measured to better understand the changes in proportional composition of shale gases as sediment diagenesis and metamorphism progresses. However, the isotopic compositions of residual gas were not determined for some samples with low concentrations of residual CH 4 and/or H 2.
Analytical results of  
Discussion
Formation of a Gas-closed System
The highest concentration of CO 2 in the early stages of organic maturation (< concentration in residual gas from the shale rocks of the MITI-Mishima borehole began at a porosity of ca. 5%, which corresponds to a depth of 4500 m and a VR o of ca. 0.7% (Fig. 2) . The mean diameter of pores in marine shale with a porosity of 5% is about 2.5 nm (Okiongbo, 2011; Curtis et al., 2012) . Taking 
Probable Stoichiometry of Gases in Metapelite
Several reactions have been proposed to explain the formation of carbonaceous material such as graphite and diamond under high temperature and pressure in the presence of CH 4 , CO 2 , and H 2 . Among them, the following reactions are the most likely to form graphite from the gas phase during metamorphism (Galimov et al., 1973; Deines et al., 1980; Hahn-Weinheimer and Hirner, 1981; Deryagin and Fedosayev, 1989; Nabelek et al., 2003; Luque et al., 2012) : (2) and (3)) (Deines et al., 1980; Hahn-Weinheimer and Hirner, 1981) . Shale rocks and metapelites in this study contained few carbonate minerals. The concentration of CO 2 in residual gas from shale rocks and metapelites in late metagenesis and metamorphism (paleo-temperature>250ºC) was significantly lower than the concentrations of CH 4 and H 2 (Fig. 4) . Therefore, the formation of graphite resulting from the reaction of CO 2 with CH 4 (Reaction (2)) or H 2 (Reaction (3)) was minor.
The concentration of CH 4 tended to decrease during late metagenesis to metamorphism, whereas the concentration of H 2 tended to increase (Fig. 4) . Taking into account that changes in the composition of residual gas in metapelite proceed under the closed system, the increase in H 2 concentrations corresponding to the decrease in CH 4 concentrations suggests the conversion of CH 4 to graphite and H 2 (Reaction (1)). Graphite can be formed from CH 4 at elevated temperatures (Galimov et al., 1973; Deryagin and Fedosayev, 1989; Nabelek et al., 2003) . Graphite with low crystallinity was detected in shale rocks and low grade metapelites that experienced maximum temperatures of 250 to 400ºC. The atomic H/C ratio of low crystalline graphite decreased with increasing metamorphic temperature (Fig. 3) , suggesting the liberation of CH 4 and H 2 from poorly ordered graphite as graphitization progressed.
The incorporation of CH 4 into graphite and the liberation of CH 4 from graphite were assumed to occur alongside the progress of graphitization in metapelite.
The overall decrease of CH 4 concentration in the temperature range of 250 to 600ºC was ca. 1000 to 1500 L/gTOC, whereas the overall increase of H 2 concentration was ca. 1500 L/gTOC (Fig. 4 ). The total amount of H 2 that can be generated from CH 4 (ca. 1000 to 1500 L/gTOC) by Reaction (1) is ca. 2000 to 3000 L/gTOC. Some CH 4 or H 2 could be consumed by reactions with CO 2 (Reactions (2) or (3)). However, this effect is almost negligible because the decrease in CO 2 concentration in the temperature range of 250 to 600ºC was quite small compared to changes in the concentration of CH 4 and H 2 . The observed increase in H 2 concentration was less than expected. Moreover, H 2 can be generated from carbonaceous material during graphitization. The H 2 concentration determined in this study was less than that generated in metapelite during metamorphism, suggesting the consumption of H 2 by unknown reactions.
Hydrogen could be liberated from H 2 O at high metamorphic temperatures.
Hydroxyl (OH -) is released from hydrous minerals due to successive dehydration during metamorphism. The formation of water due to the dehydration of metamorphic rocks requires hydrogen (H + ). Therefore, the dehydration of hydrous minerals such as chlorite and muscovite with increasing metamorphic grade consumes H 2 . The dehydration of hydrous minerals could be one of the reactions responsible for the significant consumption of H 2 during metamorphism.
Change in Isotopic Composition of CH 4 with Graphitization
The enrichment of 13 C in thermogenic CH 4 with increasing maturation has been well studied (e.g. Berner and Faber, 1996) . The increase in the  13 C CH4 value from ca. -45 to -30‰ in the paleo-temperature range from 150 to 230ºC (VR o = 0.7 to 2.5%) was assumed to be due to the addition of thermogenic CH 4 , which is rich in 13 values in the stages of late metagenesis to metamorphism (Fig. 5 ).
Graphite synthesized from CH 4 in the laboratory is enriched in 12 C compared to the initial CH 4 (Galimov et al., 1973; Deryagin and Fedosayev, 1989) . However, this isotopic fractionation is kinetic and largely depends on the rate of graphite formation. The enrichment of 12 C during graphite formation from CH 4 decreases as the growth rate decreases and has not been observed at low growth rates in the laboratory (Galimov et al., 1973; Deryagin and Fedosayev, 1989) . According to Luque et al.
(2012), graphite generated from CO 2 -rich fluid shows a progressive 13 C enrichment with crystal growth, whereas graphite generated from CH 4 -rich fluid shows the opposite pattern, being progressively enriched in 12 C. These observations suggest that, at low growth rates under natural conditions, the heavier 13 CH 4 is easier to incorporate into the growth region of graphite crystals than the lighter 12 CH 4 . According to Rayleigh isotopic fractionation, the progressive enrichment of 12 C in graphite with crystal growth is generally accompanied by the 12 C enrichment of CH 4 in the closed system. The  13 C bulk values of some selected shale rocks and metapelites were in the range of ca. -27 to -21‰ (Table 2 ). The  13 C bulk value increased systematically with increasing metamorphic grade (Fig. 6) , which is consistent with the results of previous studies (Hoefs and Frey, 1976; Morikiyo, 1986) . The increase in the  13 C bulk value was assumed to be due to the liberation of 12 C-rich CH 4 from carbonaceous material.
However, the concentration of CH 4 decreased with increasing metamorphic temperature, suggesting that the decrease of the  13 C CH4 value in the residual gas in metapelite was due both to the incorporation of (Fig. 5) .
Origin of Hydrogen Gas in Metapelite
The    H2 value of residual gas was in the range of ca. -850 to -650‰ (Fig.   5 ). This    H2 value was quite low compared to those of sedimentary organic matter, which generally range from -100 to -350‰ (e.g. Schimmelmann et al., 2006 , Kikuchi et al., 2010 ).
2 H-depleted H 2 gas, with    values of less than -500‰, has been found in H 2 -rich gases related to the serpentinization of ophiolite (Neal and Stanger, 1983; Sano et al., 1993) , deep gases (Jeffrey and Kaplan, 1988), gases from geothermal areas (Mayhew et al., 2013) , and fault gases (Sugisaki et al., 1983; Randolph et al., 1985) . C-H bonds is significantly larger than that of C-C bonds. This is consistent with the observation in the present study that the major residual gas in shales and metapelites changes from CH 4 to H 2 with increasing temperature. The liberation of H 2 due to aromatization and condensation proceeds at 400 to 900ºC under the heating rate of 0.5ºC/min in the laboratory (Li et al., 2015) , while H 2 concentration in the residual gas of shales started to increase at paleo-temperature of ca. 200ºC. This difference can be explained by the kinetics of aromatization and condensation under different time-temperature conditions. The compositional change of residual gas during diagenesis and metamorphism suggests the organic origin of H 2 in the residual gas of shales and metapelites.
Hydrogen can also be generated from low-crystalline graphite. However, the H 2 generated by the graphitization of carbonaceous material becomes gradually richer in 2 H because the C-1 H bond is easier to break during metamorphism relative to the C-2 H bond. The expected change in the    value of H 2 from low-crystalline graphite with graphitization did not seem to be consistent with the observed change in the    H2 value of residual gas. The atomic H/C of low crystalline graphite decreased from 0.2 to 0.05 in the temperature range of 300 to 600ºC (Fig. 3) . The decrease or no increase in the    value of H 2 in residual gas suggests that the decrease in the atomic H/C of graphite was due not only to the dissociation of C-H bonds, but was primarily due to the liberation of CH 3 radicals as a result of the breaking of the C-C bond in low-crystalline graphite. Kuroda et al., 1978; Morikiyo, 1986 value of residual gas in metapelite is quite low, in the range of -650 to -750‰.
According to Horibe and Craig (1995) with graphitization under closed-system condition is required for understanding H 2 of organic origin in the deep subsurface.
Conclusions
The major component of the residual gas in shales and metapelites changed The present-day temperature is almost identical to the maximum temperature of heating. 
